Chickpea (Cicer arietinum L.), the second largest consumed pulse crop of the world after common bean, is grown in over 50 countries and traded across 140 countries. The beneficial effects of chickpea on soil health and human health are well recognized. There has been a slow progress in improving average global productivity of chickpea, which continued to remain below 
Introduction
Chickpea (Cicer arietinum L.) is the second most important pulse crop of the world in terms of area and production. During 2010, chickpea was grown in more than 50 countries and had an area of about 12 m ha, production of 11 m tons and productivity of 910 kg ha -1 [1] . The major chickpea producing countries include India, Pakistan, Australia, Myanmar, Iran, Mexico, Canada and USA. The highest production and consumption of chickpea is in South Asia where India alone accounts for over two-third of the global area, production and consumption. The awareness of health benefits of chickpea has led to considerable increase in the international trade of chickpea. Currently, chickpea is imported by over 140 countries [1] .
Chickpea is known to have a diverse array of potential nutritional and health benefits. It is a good source of protein, carbohydrates, minerals and vitamins, dietary fibre, folate, β-carotene and health-promoting fatty acids [2] . Scientific studies have provided some evidence to support the potential beneficial effects of chickpea in lowering the risk of various chronic diseases such as cardiovascular diseases, type 2 diabetes, digestive diseases and some cancers [2] .
Being a legume crop, chickpea is highly valued in the cropping system, particularly in rotation with cereals, for its overall impacts on soil health. There has been a large shift in chickpea area (about 3 m ha) from cooler, long growing season environments to warmer, short growing season environments during the past four decades [3] . This significant change in the chickpea growing environment and the expected impacts of climate change need to be accounted by chickpea breeding programs.
The major adaptation traits to be considered by chickpea breeding programs include phenology, plant type and resistance to key abiotic and biotic stresses prevalent in the target environment and growing conditions. Drought and heat stresses during the reproductive phase and with increasing severity towards the end of the crop season are the major abiotic stresses of chickpea as the crop is generally grown rainfed on residual soil moisture and experiences progressively receding soil moisture conditions and increasing atmospheric temperatures towards end of the crop season. Soil salinity and chilling atmospheric temperatures are also important stresses in some growing environments. Among diseases, fusarium wilt (caused by Fusarium oxysporum f. Recent advances in the development of genomic resources have made it possible to use genomics-assisted breeding for improvement of chickpea. The breeding programs will have higher precision and efficiency and thus better equipped to rapidly develop cultivars better adapted to existing and evolving growing environments and with improved nutrition quality and grain traits required by the industry and the consumers. This chapter provides an update on the progress made in development and use of genomic resources in chickpea.
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Origin and phylogeny
Chickpea is a self-pollinated, annual, diploid (2x = 2n = 16), cool season food legume. It is considered to have originated in south-eastern Turkey and the adjoining northern region of Syria [4] , because the proposed wild progenitor (C. reticulatum) of the chickpea and its other closely related wild species (C. echinospermum, C. bijugum) are found there. The genus Cicer includes 43 species, nine of which are annual, 33 are perennial and one with unspecified life cycle [4] .
The species C. arietinum is the only cultivated species of this genus. Based on successes in interspecific crosses, C. arietinum has been placed in primary gene pool, C. echinospermum in the secondary gene pool and all the remaining species in the tertiary gene pool [5] . The phylogenetic relationships among nine annual species have also been studied based on allozyme polymorphism [6, 7, 8, 9] protein banding patterns of seeds [10] and randomly amplified polymorphic DNA (RAPD) markers [11] . These studies have categorised the annual Cicer species into four phylogenetic groups. C. arietinum, C. reticulatum and C. echinospermum formed one group while C. pinnatifidum, C. bijugum and C. judaicum formed another group. C. chorassanicum was grouped with C. yamashitae whereas C. cuneatum showed the largest distance from C. arietinum and formed an independent group. Further, cultivated chickpea was found to be more closely related to C. reticulatum than C. echinospermum. These results were further supported by studies using molecular markers such as RAPD [12, 13] , amplified fragment length polymorphism (AFLP) [14, 15] and simple sequence repeats (SSR) [16, 17, 18] . In the process of evolution, chickpea has emerged into two distinct types; small seeded dark colored
Desi and large seeded, cream colored Kabuli. About 80% of the chickpea area is under the Desi type and the remaining area under the Kabuli type.
Molecular diversity studies indicated that wild relatives of chickpea have high genetic diversity compared to its cultivated species C. arietinum and supports the conclusion that chickpea has a narrow genetic base [14, 18] . These results indicate that the varieties currently under cultivation are closely related among themselves. Efforts should be made to widen the genetic base of the cultigen by exploiting wild species. The wild species also offer opportunities of bringing novel alleles for important traits, particularly resistance to abiotic and biotic stresses [19] .
Genome and Genome Size
Almost all Cicer species have 2n=2x=16 chromosomes. The chromosomes have been numbered from 1 to 8 in order of decreasing size of the chromosomes and the size difference between pair one and pair eight has been found to be in the ratio of 3:1 [20] . Ahmad and Hymowitz [21] recorded the total chromosome length at pachytene stage as 353.53 m and also found that the chromosome size ranged from 30.53 to 58.05 m. The chickpea chromosomes are small which makes the karyotype analysis difficult. The chickpea karyotype revealed from various cytological investigations has the following features: a pair of very long chromosomes, distinctly satellited and sub-metacentric; six pairs of metacentric to sub-metacentric chromosomes; and a pair of very short metacentric chromosomes (reviewed by Gupta and Bahl [22] ). Both, spontaneous [23] and induced [24, 25, 26, 27] , autotetraploids have been reported in chickpea.
Seed treatment with 0.1 to 0.25% colchicine for 4 hours has been found effective in inducing autotetraploidy and these autotetraploids predominantly show bivalent pairing and normal disjunction at anaphase I [28] .
Genetic and Genomic Resources
Genetic resources, which include mapping populations, genetic stocks and breeding materials, 
Mapping populations
Development of appropriate mapping population is necessary for constructing a genetic linkage map and dissecting complex traits. The first step in producing a mapping population is selecting two genetically diverse parents for one or more traits of interest. Further the parents should be genetically divergent enough to exhibit sufficient polymorphism, and on the other hand they
should not be too distant that causes sterility of the progenies and expresses high level of segregation distortion during linkage analysis. A range of populations including progenies from Table 1 . 
Molecular markers
The genomic resources being made available for chickpea breeding community have been reviewed from time to time [29, 30, 31, 32] . However, this chapter provides the latest developments as well as discusses the pros and cons of these marker resources in various genetic analyses. Based on the method of detection of the sequence variation, the molecular markers can be classified as hybridization based (PCR-independent), PCR dependent and micro-array based markers. RFLP markers were the first hybridization based highly reproducible, co-dominant, locus specific markers employed for plant genome analysis during 90's. The first genetic map constructed in chickpea using molecular markers included RFLP and RAPD markers along with isozyme markers [33] . Genetic diversity studies were also carried out using RFLP markers [34] and microsatellite-derived RFLP markers [35, 36] . These studies showed narrow genetic variability for restriction sites in the genome of cultivated chickpea. The PCR-based marker systems are of two types -(1) non-sequence specific markers which include RAPD and AFLP markers, and (2) sequence tagged PCR-based markers which include cleaved amplified polymorphic sequence (CAPS), sequence tagged site (STS) and SSR markers. Although RAPD markers were also employed to characterize germplasm [11, 13] , these markers are not currently being preferred for any genetic analysis in chickpea owing to the dominant nature of inheritance and non-reproducibility of these markers. However, utility of RAPD markers can be enhanced by converting these into more reproducible informative marker types such as sequence characterized amplified regions (SCAR). To overcome the limitations of reproducibility associated with RAPD, AFLP marker system was developed by selective amplification of DNA fragments obtained by restriction enzyme digestion. AFLP markers have been used for genetic diversity estimation in cultivated chickpea and its wild relatives in order to discover the origin and history of chickpea [14, 37, 38] . However, the requirement of significant technical skills, laboratory facilities, financial resources and high quality genomic DNA for complete restriction, digestion and dominant inheritance has limited the use of AFLP markers.
PCR based CAPS markers are characterized by their co-dominant inheritance and locus specific nature which are useful for genotyping applications [39, 40] . In chickpea, CAPS and derived CAPS (dCAPS) markers have been developed from bacterial artificial chromosome (BAC)-end sequences [41] and expressed sequence tag (EST) sequences [42] , and these markers were further integrated into composite genetic map of chickpea to study their association with disease resistance [43] .
Microsatellite markers are also known as simple sequence repeats (SSRs) or sequence tagged microsatellite site (STMS), constitute tandem repeats of 1-6 bp in length [44] are advantageous over many other markers types as they are highly polymorphic and abundant, analytically simple and readily transferable [45] , and show co-dominance. In chickpea genome SSRs were found to be abundant and showed moderately high level of intra-specific polymorphism when compared to other marker types [35] . About 500 SSR markers were available for chickpea earlier [46, 47, 48] and were used for development of genetic map [47, 49] . Later, several studies reported the development of SSR markers using hybridization based microsatellite enrichment and BAC and BIBAC libraries in chickpea [48, 50] . At ICRISAT, currently >2000 SSR markers are available for utilization in chickpea crop improvement [51, 52, 53 ,54]. 
Sequence information

Functional markers, ESTs, BAC Libraries
Molecular markers developed from genes/ESTs are referred as genic molecular markers (GMMs;
[54] or functional markers [56] . Based on origin, genic markers are of two kinds [56] : (a) markers that are derived from polymorphisms within genes are gene targeted markers (GTMs), these markers however not necessarily involved in phenotypic trait variation, e.g. EST-based molecular markers [57] ; (b) functional markers (FMs) are derived from polymorphic sites within genes involved in phenotypic expression of traits, e.g. candidate gene-based molecular markers.
Functional markers can further be grouped into two subgroups depending on the involvement in the phenotypic trait variation, (i) direct functional markers (DFMs), for which the role in phenotypic trait variation is well proven, and (ii) indirect functional markers (IFMs), for which the role for phenotypic trait variation is indirectly known [56] .
Few studies have been conducted on understanding the chickpea transcriptome by generating the ESTs [58, 59, 60, 61] . Recently several EST sequencing projects have led to generation of large scale EST sequences through single pss sequencing [51, 62, 63, 64] . Research provides user scientists/breeders a portal to search, browse and query the data to facilitate the research on chickpea and other legumes.
Quantity trait loci (QTLs)
Understanding the genetics of complex traits like drought tolerance, Helicoverpa resistance and salinity tolerance will help in improving these traits through marker-assisted selection (MAS).
Despite the importance of root traits in drought avoidance and availability of germplasm with prolific root systems such as ICC 4958 and ICC 8261, the breeding efforts to improve root traits have been negligible. This is because of the laborious, time-consuming and destructive methods involved in root studies. Molecular markers linked to major QTLs for root traits can greatly facilitate marker-assisted selection (MAS) for root traits in segregating generations. ICRISAT in collaboration with several partners generated > 3000 chickpea ESTs from a library constructed after subtractive suppressive hybridization (SSH) of root tissues from ICC 4958 and Annigeri to isolate and characterize root-specific genes differentially expressed between these genotypes [60, 65] . This database provides researchers in chickpea genomics with a major new resource for data mining associated with root traits and drought tolerance.
A set of RILs from Annigeri × ICC 4958 cross was developed at ICRISAT and characterized for root traits [66] , and SSR marker TAA 170 was identified for a major QTL that accounted for 33% of the variation for root weight and root length [67] . Based on the screening of mini-core collection, parents genetically and phenotypically more distant were identified for development of new mapping populations. These include ICC 8261 and ICC 4958 for a large root system and ICC 283 and ICC 1882 for small root systems. These two crosses were made and more than 250
RILs were developed in each cross [68] . These two mapping populations have been phenotyped and genotyped to identify additional QTLs for root traits.
Several other intra-specific mapping populations have been developed and used to identify the markers associated with traits like resistance to fusarium wilt [69, 70, 71, 72] , resistance to ascochyta blight [73, 74, 75) , resistance to rust [76] , resistance to botrytis grey mold [77] , salinity tolerance [78] , drought tolerance (unpublished data with ICRISAT), seed traits [79] and, for grain yield [80] . Several of these studies have been summarized in earlier reviews [29, 31, 42] .
Genome Mapping
Physical mapping
As mentioned above, large scale genomic resources like molecular markers and genetic linkage maps were developed during recent past. Although QTLs for different traits were identified (Table 2) , the markers were not close enough for their effective use in molecular breeding. In this context, genome-wide physical maps have been used in several species to effectively integrate genomic tools for marker-assisted breeding, high-resolution mapping and positional cloning of genes and QTL [81] . In addition physical maps will also enable desirable genome sequencing and comparative genomics. Despite these advantages, a genome-wide physical map has not been developed for chickpea. However, recently a BAC/BIBAC based physical map was developed;
three large contigs closely linked to QTLs contributing to ascochyta blight resistance and flowering in chickpea were identified [82] . However, a genome-wide physical map is essential for genomics research, cloning candidate genes and enhancing molecular breeding. Towards Efforts are underway to define the minimum tiling path (MTP) based on the available physical mapping data, which will facilitate either BAC-end or pooled BAC-sequencing of MTP clones.
The resulting integrated genetic and physical map is expected to enhance genetics and genomics research and breeding applications in chickpea. The integration of physical map with genetic maps has been reported earlier in different plant species including some fruit trees such as peach [83] , papaya [84] , apple [85] . The framework physical map serves as a valuable resource for various other studies such as effective positional cloning of genes and quantitative trait locus (QTL) fine-mapping.
Genetic mapping
The first linkage map of chickpea was reported in 1990 and consisted of 26 isozyme and three morphological trait loci [86, 87] . Several additional isozyme loci and morphological trait loci were mapped in the subsequent studies [33, 88, 89] . The use of DNA markers in gene mapping greatly accelerated progress in development of a detailed genetic map of chickpea. A linkage map of DNA markers was first published in 1997 which contained 10 RFLP and 45 RAPD markers [33] . These maps were developed by using F 2 mapping populations. The first map using RILs was developed in 2000, which consists of 118 STMS, 96 DAF (DNA amplification fingerprinting), 70 AFLP, 37
ISSR (inter simple sequence repeats), 17 RAPD, 2 SCAR, 3 cDNA and 8 isozyme markers [90] . All these earlier studies used interspecific mapping populations because of limited polymorphism observed for then available markers in the cultivated chickpea. Availability of additional markers made it possible to use intraspecific segregations in linkage studies. A molecular map based on intraspecific cross (kabuli-desi cross) was developed and used to tag genes for resistance to Fusarium wilt. Two SCAR markers and two RAPD markers [91] were found associated with resistance to race 1 and one ISSR marker with resistance to race 4 [92] . The genes for resistance to races 4 and 5 were found to be linked and located close to one STMS and one SCAR marker [90] . genetic distance has been developed for this reference population [93] . Recently, Hiremath et al.
[94] developed large-scale KASPar assays for SNP genotyping and developed a genetic map comprising 1328 marker loci including novel 625 CKAMs (Chickpea KAspar Assay Markers), 314 TOG-SNPs and 389 published marker loci for this reference population. The summary of genetic maps developed in chickpea is illustrated in Table 3 .
Comparative and functional genomics
The SuperSAGE provided deep insights into the first molecular reactions of a plant exposed to salinity. By studying two chickpea varieties (BGD 72 and ICCV 2) for differences in transcript profiling during drought stress treatment by withdrawal of irrigation at different time points, Jain and Chattopdhyay [64] reported that most of the highly expressed ESTs in the tolerant cultivar predicted that most of them encoded proteins involved in cellular organization, protein metabolism, signal transduction, and transcription. Deokar et al. [104] in addition to studying the genes that are up-and down-regulated in a drought-tolerant genotype (ICC 4958) under terminal drought stress and a drought susceptible genotype (ICC 1882), also studied the gene expression between the bulks of the selected RILs exhibiting extreme phenotypes. Garg et al. [105] reported the sequencing and de novo assembly of chickpea transcriptome using short-read data.
Progress towards whole genome sequencing and data mining
In recent years, genome sequencing has become very popular in the area of plant genomics and breeding as it offers three fold advantages: a) enables us to understand plant genome structure and dynamics of molecular evolution, b) enable identification of genes and functional elements and help in annotation of completed genome, and c) provide the genomic tools and platforms for gene mapping, gene isolation and molecular breeding. Further, information gained from sequenced genomes, coupled with genetic association studies, may allow us to identify key genes/quantitative trait loci and networks in the other species. Such information can be very useful for molecular breeding programmes in order to develop improved varieties/ hybrids.
Several crop plant genomes have already been sequenced for instance rice [106, 107] , sorghum [108] , using Sanger sequencing. Further, a number of plant genomes were sequenced using NGS technologies, for example cucumber [109] , castor [110] , cannabis [111] , date palm [112] , cacao [113] and pigeonpea [114] .
A draft genome sequence of chickpea has been published recently which consists of about 738-Mb draft whole genome shotgun sequence of kabuli chickpea variety CDC Frontier [115] . The sequence contains an estimated 28,269 genes. In addition, resequencing and analysis of 90 cultivated and wild genotypes from ten countries was published and targets of both breedingassociated genetic sweeps and breeding-associated balancing selection were identified.
Candidate genes were identified for disease resistance and agronomic traits, including traits that distinguish desi and kabuli chickpea. The chickpea genome sequencing work was carried out by the International Chickpea Genome Sequencing Consortium (ICGSC) led by ICRISAT. This ICGSC involved 49 scientists from 23 organizations in 10 countries. This is a landmark milestone in chickpea genomics and will pave the way for more rapid progress towards integrating physical and genetic maps and genomics-assisted breeding of chickpea.
Use of genomic resources in molecular breeding
The large scale genomic resources developed during recent years are currently being employed for accelerating the molecular breeding programs in chickpea. For instance, a genomic region controlling root traits and several other traits related to drought tolerance contributing >30% (Table 4 ).
In addition, race specific resistance to fusarium wilt is being introgreesed through MABC into A marker-assisted recurrent selection (MARS) program is also in progress at ICRISAT, India and Egerton University, Kenya for accumulating favorable alleles for yield under moisture stress conditions. MARS is a modern breeding approach that enables increasing frequency of several beneficial alleles having additive effect and small individual effects in recurrent crosses [116] .
While several multi-national companies are using MARS in crops like maize and soybean, only a few public sector institutes have started to use MARS in crops likes wheat [117] , maize [118] . At 
Conclusions
Rapid advancements in development of chickpea genomic resources during the past decade have 
